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Abstract We study the effective interactions of the
fermionic, scalar and vector dark matter (DM) with
leptons and neutral electroweak gauge Bosons induced
by the higher dimensional effective twist-2 tensor op-
erators. We constrain these lepto-philic, τ±-philic and
U(1)Y gauge Boson B-philic effective interactions of
DM with the visible world from the WMAP and Planck
data. The thermally averaged indirect DM pair annihi-
lation cross-section and the spin-independent DM - free
and/ or bound electron scatterinng cross-section are ob-
served to be consistent with the respective experimental
data. Constraining coefficients of the effective operators
from the low energy LEP data for the DM ≤ 80 GeV,
we further study their sensitivities in the pair produc-
tion of such DM ≥ 50 GeV in association with di-jets
and mono-photon respectively at the proposed ILC. We
perform the χ2 analysis to obtain the 99.73% C.L. ac-
ceptance contours in the mDM − Λeff plane from the
two dimensional differential distributions of the kine-
matic observables and find that ILC has rich potential
to probe the contribution of such effective operators.
Keywords Effective operators, lepto-philic, dark
matter, linear collider, mono-photon.
PACS 95.35.+d, 13.66.-a, 13.66.De
1 Introduction
It is imperative to determine the nature of elusive Dark
Matter (DM) [1] candidates, which constitute roughly
∼ 23% of the energy density of the universe [1–6] and
whose predicted relic density is ∼ 0.119 [7,8]. The most
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popular proposition for DM theories are weakly inter-
acting dark matter particles (WIMPs). Features of DM
interactions can be determined from the direct and in-
direct detection experiments apart from their direct
searches in the present [9–11] and proposed colliders
[12–14]. The direct detection experiments like DAMA/
LIBRA [15, 16], CoGeNT [17], CRESST [18], CDMS
[19], XENON100 [20,21], LUX [22] and PandaX-II [23]
are designed to measure the recoil momentum of scat-
tered atom or nucleon by DM in the chemically in-
ert medium of the detector, while the indirect detec-
tion experiments such as FermiLAT [24–26], HESS [27],
AMS-02 [28,29] etc. are looking for the evidences of the
DM pair annihilation to Standard Model (SM) particles
such as photons, e+e−, µ+µ−, τ+τ−, b¯b pairs and etc.
In last few years, many experiments like PAMELA
[30, 31] have reported the excess in the positron flux
( i.e., flux ratio of positron to sum of electron and
positron ) without any significant excess in p¯ chan-
nel (i.e., flux ratio of protons to anti-protons). The
peaks in e+ e− channel are also observed in ATIC [32]
and PPB-BETS [33] balloon experiments at around 1
TeV and 500 GeV respectively. Recently, Dark Mat-
ter Particle Explorer (DAMPE) experiment [34] has
also observed a sharp peak around ∼ 1.4 TeV favor-
ing the lepto-philic DM annihilation cross-section of the
order of 10−26cm3/s. The excess in e+ e− can be ei-
ther due to astrophysical events like high energy emis-
sion from the pulsars or resulting from DM pair an-
nihilation in our galactic neighborhood preferably to
e+ e− channel. Since the aforementioned experiments
have not observed any significant excess in anti-proton
channel, the DM candidates, if any, appears to be lep-
ton friendly lepto-philic and have suppressed interaction
with quarks at the tree level.
Various UV complete new physics extensions of SM
have been proposed essentially to solve the gauge hier-
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2archy problem in the top-down approach which include
theories like extra-dimensions [35], super-symmetry [36–
38], little-Higgs [39, 40], extended 2-HDM models with
singlets as portal of DM intearctions [41] and etc. These
models naturally provide the DM candidates or WIMPs,
whose mass-scales are close to that of the electro-weak
physics. However, the Direct detection experiments have
shrunk the parameter space of the simplified and pop-
ular models where the WIMPs are made to interact
with the visible world via neutral scalars and/ or gauge
Bosons.
The model independent DM-SM particles interac-
tions have also been studied in the bottom-up Effec-
tive Lagrangian approach where the mediator of DM-
SM interactions are believed to be much heavier than
the mass-scale of the lighter degrees of freedom say, in
our case SM and DM particles [9–14]. The nature of
these interactions are encapsulated in a set of coeffi-
cients corresponding to limited number of Lorentz and
gauge invariant higher dimensional effective operators
constructed with the light degrees of freedom. The con-
strained parameters (coefficients) space from various
experimental data then essentially maps and direct to-
wards the viable UV complete theoretical models. The
generic effective Lagrangian for scalar, pseudo-scalar,
vector, axial-vector interactions of SM particles with
the scalar, vector, spin 1/2 and spin 3/2 dark matter
candidates have been studied in literature [42–48].
Sensitivity analysis for DM-quark effective interac-
tions at LHC have been performed [10, 11, 49–53] in a
model-independent way for the dominant (a) mono-jet
+ /ET, (b) mono-b jet + /ET and (c) mono-t jet + /ET pro-
cesses. Similarly, analysis for DM-gauge Boson effective
couplings at LHC have been done by the authors in
reference [54–56]. The sensitivity analysis of the coeffi-
cients and detailed analysis of detection cuts flow strat-
egy for lepto-philic operators have also been performed
through e+e− → γ + /ET [57–59] and e+e− → Z0 + /
ET [14, 60] channels.
Gross and Wilczek [61] analyzed the second rank
twist operators appearing in the operator-product ex-
pansion of two weak currents along with the renormalization-
group equations of their coefficients for asymptotically
free gauge theories in the context of deep inelastic lepton-
hadron scattering. Later authors of reference [62] anal-
ysed the effective DM-nucleon scattering induced by
twist-2 quark operators in the context of super-symmetric
models where the Majorana DM particle neutralino be-
ing LSP was assumed to be much lighter than that of
the squark masses. This was followed by series of pa-
pers [63–69] where the authors have calculated the one
loop effect of DM-nucleon scattering induced by the
twist-2 quarks and gluonic operators for the fermion,
vector and scalar DM respectively. The hadronic ma-
trix elements induced by twist-2 operators can however
be identified with the second moment of parton distri-
bution functions and thus can be constrained from the
available pdfs. This in turn constrain the coefficients
of such higher dimensional effective operators to es-
timate the DM-nucleon scattering cross-sections for a
suggested DM and squark mass range.
In this paper, we undertake the analysis for spin
1/2, 0 and 1 DM interactions induced by lepto-philic
and U(1)Y gauge Boson B-philic effective twist-2 higher
dimensional gauge invariant operators. This article is
organized as follows: we formulate the effective inter-
action Lagrangian for fermionic, scalar and vector DM
with SM leptons and neutral electro-weak gauge Bosons
via twist-2 operators in section 2. In section 3, we con-
strain the coefficients of the effective Lagrangian from
predicted relic density and perform a consistency check
w.r.t. indirect and direct detection experiments. The
constraints from the LEP on the coefficients of the ef-
fective lepto-philic and U(1)Y gauge Boson B-philic op-
erators and the sensitivity analysis of these coefficients
at the proposed ILC are discussed in section 4. Finally
we summarize in section 5.
2 Effective interactions of lepto-philic & U(1)Y
gauge Boson B-philic DM
We initiate the construction of the effective operators
by writing the contact interaction between any SM lep-
tons ψ and fermionic DM χ (Dirac or Majorana) with
masses mψ and mχ respectively, assuming that the me-
diator mass scale, if any, should be of the order of the
cut-off of the effective theory (∼ Λ), which in gen-
eral is much heavier than the masses of the SM and
DM fields. These contact interactions for example can
be motivated from the super-symmetric models where
spin-independent neutralino-lepton interactions are fa-
cilitated by the exchange of heavy sleptons and/ or Hig-
gses, assuming Majorana neutralino to be the LSP. For
an illustration of such contact interactions, we write
twist-2 Type-1 and Type-2 Lagrangians with the cou-
pling strengths α1 and α2 respectively as:
L1 = 1
mχ
α1
Λ3
(χ¯γµ∂νχ)
(
ψ¯γµ∂νψ − ∂νψ¯γµψ
)
and (1)
L2 = 1
m2χ
α2
Λ3
(χ¯∂µ∂νχ)
(
ψ¯γµ∂νψ − ∂νψ¯γµψ
)
(2)
Using the equations of motion for massive Dirac fermions
along-with the Tensor identity
PµνQ
µν = (Pµν − 1
4
gµνP
α
α )Q
µν +
1
4
PααQ
β
β (3)
3the Lagrangians given in equations (1) and (2) can be
re-written as
L′1 =
1
mχ
α1
Λ3
(
−2 iO(2)µν χ¯γµ∂νχ−
1
2
mψmχψ¯ψχ¯χ
)
(4)
L′2 =
1
m2χ
α2
Λ3
(
−2 iO(2)µν χ¯∂µ∂νχ−
1
2
mψmχψ¯ψχ¯χ
)
(5)
respectively where O(2)µν is defined as trace-less twist-2
operator
O(2)µν =
i
2
(
ψ¯γµ∂νψ + ψ¯γν∂µψ − gµν
2
ψ¯γα∂αψ
)
(6)
and ψ¯ψχ¯χ appearing in the Eq.(6) is the scalar opera-
tor. The constraints on the four fermionic scalar DM
operators has been extensively studied in the litera-
ture [14, 42]. However, the contributions of the ten-
sor operators in equations (4) and (5) respectively are
higher than those of the scalar operators due to the
momentum dependence and therefore the coupling con-
stants α1 and α2 would be comparatively more severely
constrained for a given choice Cut-Off. Therefore it is
worthwhile to probe the effect of these tensor opera-
tors in the DM pair annihilation and DM-electron or
DM-Nucleon scatterings.
The twist-2 interactions of fermionic DM can also be
realized through the twist-2 operators constructed out
of SM charged and neutral electro-weak vector gauge
Bosons OV EWµν ≡ V EWρµV EWνρ − 14gµνV EWρσV EW
ρσ
and SM scalar Higgs Boson. Further the formalism can
be extended to include the twist-2 Type-2 interactions
of spin 0 and spin 1 DM particles with SM charged lep-
tons and electro-weak gauge Bosons using equation (5).
We analyse all such operators emerging from twist-2 in-
teractions with SM charged leptons and neutral electro-
weak gauge Bosons in this study.
There are other lepto-philic DM tensor operators
which can have significant effect on DM phenomenol-
ogy like dipole moments etc. as shown in references
[70–72]. Since we are interested in operators which con-
tribute to the spin independent non-relativistic DM -
nucleon scattering process, we drop all the operators
which are suppressed by the velocity of DM and/or nu-
cleon. On using the equations of motions we expand
all the interaction terms in the Lagrangian in pow-
ers of the super-weak coupling constant αTi . The spin-
independent leading interactions in super-weak coupling
expansion of the fermionic, vector and scalar DM op-
erators are retained for analysis as explicitly shown in
references [63–69] for the case of fermionic, vector and
scalar DM operators interacting with quarks and glu-
ons.
We enlist a minimal set of relevant twist-2 lepto-
philic and U(1)Y gauge Boson B-philic operators in-
ducing contact interactions with Dirac fermion χ, real
scalar φ0 and real vector V 0µ DM candidates in the fol-
lowing Lagrangian:
LDMeff. Int. = Lspin 1/2 DMeff. Int. + Lspin 0 DMeff. Int. + Lspin 1 DMeff. Int.
=
∑
p=l,B
 ∑
Ti∈T1,T2
αTi
Λ3
OpTi +
αS
Λ2
OpS +
αV
Λ2
OpV

=
∑
p=l,B
 ∑
Ti∈T1,T2
λχTi
2
Λ3eff
OpTi +
λφ
0
T2
2
Λ2eff
OpS +
λV
0
T2
2
Λ2eff
OpV

where, (7a)
OpT1 =
1
mχ
χ¯i∂µγνχOpµν (7b)
OpT2 =
1
m2χ
χ¯i∂µi∂νχOpµν (7c)
OpS =
1
m2φ0
φ0 i∂µ i∂ν φ0Opµν (7d)
OpV =
1
m2V 0
V 0
ρ
i∂µ i∂ν V 0ρOpµν (7e)
The twist-2 operators Ol±µν for charged leptons l± ≡
e±, µ±, τ± and OBµν for U(1)Y gauge field Bµ are de-
fined in terms of the covariant derivative Dµ ≡ ∂µ +
ig′Bµ as
Ol±µν ≡ i
1
2
l
(
Dµγν +Dνγµ −
1
2
gµν /D
)
l , (8)
OBµν ≡ BρµBνρ −
1
4
gµνBρσB
ρσ , (9)
The cut-off scale of the effective theory Λeff is defined as
(4pi)1/3Λ and and
√
4piΛ for fermionic and Bosonic DM
respectively. αTi and λTi are the strengths and cou-
plings of the interactions respectively, where |λTi | ≤√
4pi and Λ & 1 TeV.
The Lorentz structure of the DM operators charac-
terize the nature of DM pair annihilation and hence its
contribution to the relic density [73]. Annihilation due
to all operators given in equations (7) except fermionic
Type 2 (7c) are found to be contributing to both s-wave
and p-wave partial amplitudes, while Type 2 induced
DM operator contributes to only p-wave amplitudes and
hence comparatively suppressed. It is to be noted that
the partial wave analysis of the annihilation processes
induced by fermionic DM operators given in (7b) and
(7c) remain same for both the Majorana type and/ or
Dirac type because of the contact effective interactions.
We are now equipped to analyse and constrain these
effective interactions from the DM phenomenology.
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Fig. 1: Relic density contours are drawn using MadDM v.3.0 [74] satisfying ΩDMh2 = 0.1199± 0.0022 [8] in the plane defined by
DM mass and the respective upper bound on cut-off corresponding to the Type-1 or 2 twist operators operators at fixed coupling αTi
= 1. The respective shaded regions depict the allowed parameter space. Contours in figure 1a are depicted assuming the universal
lepton flavor couplings of effective DM - SM lepton interactions.
3 DM Phenomenology
3.1 Constraints from Relic Density
In this sub-section we discuss the relic abundance of
lepto-philic and U(1)Y gauge Boson-philic DM and con-
strain the effective interactions from the predicted DM
relic density ΩDMh2 of 0.1138 ± .0045 and 0.1199 ±
0.0022 by WMAP [7] and Planck [8] collaborations re-
spectively. The current relic density for dark matter
is calculated from the DM number density nDM(t) by
solving the Boltzmann equation
d
dt
nDM(t) + 3H(t)nDM(t) = −〈σann |v|〉 [nDM(t)2−neqDM(t)2]
(10)
where H is the Hubble parameter, 〈σann |v|〉 is the ther-
mal average of annihilation cross section multiplied by
the relative velocity of dark matter pair. neqDM represents
the dark matter number density in thermal equilibrium
and is given by
neqDM =
[
g
(
mDM T
2pi
) 3
2
exp
{−mDM
T
}]1/2
(11)
where g is the degrees of freedom. To numerically com-
pute the current DM relic density we need to calculate
the thermally averaged DM annihilation cross sections.
Since the freeze-out for thermal relics occurs when the
massive particle is non-relativistic i.e. |v| << c, we
make an expansion in |v| /c and then 〈σ |v|〉 can be
approximated as 〈σ |v|〉 = a+ b |v|2 +O(|v|4).
5Defining the dark matter relic abundance as a ra-
tio of the thermal relic density ρDM and critical density
of the universe ρc = 1.05373 × 10−5h2 GeV/(c2cm3),
where h is the dimensionless Hubble parameter and
solving the Boltzmann equation for the thermal relic
density we get
ΩDMh
2 =
pi
√
geff(xF )√
90
xF T
3
0 g0
MPl ρc 〈σannv〉geff(xF )
≈ 0.12 xF
28
√
geff(xF )
10
2× 10−26cm3/s
〈σ |v|〉 (12)
where MPl and geff are Planck mass and effective
number of degrees of freedom near the freeze-out tem-
perature TF = mDMxF , where xF is given by
xF = log
[
c′ (c′ + 2)
√
45
8
g0MPlmDM 〈σ |v|〉
2pi3
√
xF geff(xF )
]
(13)
where c′ is a parameter of the order of one.
We have computed the thermal-averaged annihila-
tion cross-section in the appendix for the Dirac fermion,
a real scalar and real vector DM candidates. They are
worked out in Appendix A. For τ±-philic (electro-philic)
case, all DM - leptons couplings except that of DM -
τ± (e±) identically vanish.
To compute relic density numerically, we have used
MadDM [74] and MadGraph [75]. We have generated
the input model file required by MadGraph using Feyn-
Rules [76], which calculates all the required couplings
and Feynman rules by using the full Lagrangian given in
equation (7). We scan over the DMmass range 10 - 1000
GeV whose relic density satisfy ΩDMh2 ≤ 0.1199 [8] for
all vanishing interactions except one non-zero coupling
αTi fixed at unity. We study and plot the relic den-
sity contours in the plane defined by DM mass and the
cut-off corresponding to four (two fermionic, one scalar
and one Vector DM) lepto-philic, τ±-philic and B-philic
operators in figures 1a, 1b and 1c respectively. We ob-
serve a bump around mDM ' 45-90 GeV in figure 1c
due to opening up of Z γ and Z Z annihilation chan-
nels induced by B philic DM operators. The increase in
the total annihilation cross-section decreases the num-
ber density of the DM and as a result for a fixed DM
relic density and coupling constant the contour shows a
bump in the mDM-Λ plane. All points lying on the solid
lines in figure ?? satisfy ΩDMh2 ≤ 0.1199 [8]. These
points are also the allowed upper limit on the cut-off for
a given DM mass and thus the shaded region enclosed
by the corresponding solid line is the cosmologically al-
lowed parameter region of the respective operator. The
lower value of the cut-off corresponding to the same
DM mass will lead to only partial contribution to relic
density and therefore may survive in model where (a)
more than one type of DM particles are allowed and/ or
(b) switching more than one type of effective operators
simultaneously. We observe that the sensitivity of the
cut-off for fermionic Type-1 operator increases with the
varying DM mass. Among the Type-2 operators, scalar
DM cut-off is found to be the most sensitive. It is im-
portant to mention that the relic density contours for
a electro-philic DM will be almost same to that of the
τ±-philic case.
3.2 Indirect Detection
Since the DM annihilation rate is proportional to the
square of DM density, therefore DM annihilation is likely
to be propelled in the over-dense region of the universe
such as galactic center, dwarf spheroids and sun gener-
ate high flux of energetic light SM particles like charged
hadrons, jets, the charged leptons e.g. electron, positron
and photon. Since the non-relativistic DM particles are
colliding at rest with each other, the energy of gamma-
rays and the produced charged lepton is of the order
of ∼ mDM. Indirect experiments which in general are
either ground-based or satellite borne particle detec-
tors are sensitive to these characteristic fluxes of light
SM particles. For example FermiLAT (Large Area Tele-
scope) is a space borne experiment designed to measure
the tracks of electron-positron pairs which are produced
when gamma-rays interact with the detector material
(thin and high-Z foil) [24–26], while HESS is the ground
based cherenkov telescope geared to detect the gamma
ray spectrum [27].
In this section we calculate the thermally averaged
annihilation cross sections for fermionic, real scalar and
real vector Boson DM candidates to pair of charged lep-
tons and photons. The analytical expressions for these
cross-sections corresponding to the lepto-philic and U(1)Y
gauge Boson B-philic operators are given in equations
(A.10)-(A.13) and (A.14)-(A.17) respectively. We have
used 220 Km/s (average rotational velocity of galaxy)
as the average velocity of the DM.
The thermal averaged DM annihilation cross-section
is computed numerically for a given set of parameter
(mDM, αTi , Λeff) which satisfy the relic density con-
straint from the Planck data as depicted in figure ??.
For the lepto-philic and τ±-philic operators we com-
pute the dominant thermal averaged annihilation cross-
section to τ+τ− pair using equations (A.10), (A.11),
(A.12) and (A.13) corresponding to the fermionic DM
Type-1 and Type-2, scalar DM Type-2 and vector DM
Type-2 induced operators. The variation of the anni-
hilation cross-section with the DM mass are depicted
in figures 2a and 2b respectively. The solid lines in fig-
ures 2a and 2b are essentially the lower bound on the
allowed annihilation cross-section satisfying the relic
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Fig. 2: Solid lines in all figures depict the variation of thermally averaged DM annihilation cross-sections w.r.t. the DM mass at
the fixed coupling αTi = 1 and the respective upper bound on the cut-off satisfying the relic density contribution. We plot the median
of the DM annihilation cross section derived from a combined analysis of the nominal target sample for the τ+τ− channel [26] in
figures 2a, 2b and γγ [27] channel in figure 2c assuming a 100% branching fraction and thus restrict the respective allowed shaded
region from above. Figure 2a shows the contours for the fermionic, scalar and vector DM interacting via Type-1 or 2 twist operators
assuming the universal lepton flavor couplings with the DM.
density constraints for a given DM mass. It is inter-
esting to note that although the analytical expression
for the scalar and vector DM annihilation cross-section
are not same but still we observe a complete overlap
of the scalar and vector DM solid lines for αV
0
T2
= αφ
0
T2
which is an artifact of the two distinct values of the
respective effective cut-off that satisfy the same relic
density for a given DM mass. These results are com-
pared with the upper bound on the allowed annihila-
tion cross-section in τ+ τ− channel obtained from the
FermiLAT data [26]. Thus the null experimental results
for the given mass range translate into the lower limits
on the cut-off for the respective operators.
The DM annihilation cross-section to the pair of
electrons induced by the electro-philic DM are iden-
tical to those depicted in figure 2b for the respective
operators.
For U(1)Y gauge Boson B-philic DM, we look for
the photon pair production channel and the thermally
averaged DM annihilation cross section is computed us-
ing equations (A.14), (A.15), (A.16) and (A.17) corre-
sponding to the fermionic DM Type-1 and 2, scalar DM
and vector DM Type-2 induced operators respectively.
Figure 2c show the annihilation cross-sections depict
in solid line for each case satisfying the relic density
and thereby giving the lower bound on the cosmologi-
cally allowed annihilation cross-section. As in the case
of lepto-philic and τ±-philic, we observe that the scalar
and vector annihilation cross-section overlaps for the
reason mentioned earlier. We compare our results with
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Fig. 3: Variation of DM - free electron elastic scattering cross-
sections w.r.t. the DM mass at fixed lepton flavor universal cou-
pling αTi = 1 and the respective upper bound on the cut-off satis-
fying the relic density contribution for lepto-philic operators. The
exclusion plots from DAMA at 90% C.L. for the case of DM-
electron scattering are also shown [77]. Bounds at 90% C.L. are
shown for XENON100 from inelastic DM-atom scattering [78].
The dashed curves show the 90% CL constraint from the Super-
Kamiokande limit on neutrinos from the Sun, by assuming an-
nihilation into τ+τ− or νν¯ [77].
that obtained from the null observation at HESS [27]
for DM mass 100 GeV and above, which gives the upper
lower bounds on the respective B-philic operators.
3.3 DM-electron scattering
Direct detection experiments [15–23] look for the scat-
tering of nucleon or atom by DM particles. These ex-
periments are designed to measure the recoil momen-
tum of the nucleons or atoms of the detector mate-
rial. These scattering can be broadly classified as (a)
DM-electron scattering, (b) DM-atom scattering, and
(c) DM-nucleus scattering. Since the lepto-philic, τ±-
philic and B-philic DM do not have direct interactions
with quarks or gluons at tree level, therefore we explore
tree level DM-electron elastic scattering induced by the
lepto-philic operators only.
In this article, we restrict our study for those direct-
detection processes which are realised at the tree level
interactions of the lepto-philic DM operators with the
free and bound electrons.
Consider the elastic (inelastic) scattering of non-
relativistic DM having four-momentum k with free (bound)
electron having four momentum p to a final state DM
and scattered electron having four momentum k′ and p′
respectively. In order to understand the realistic DM-
electron scattering, we initiate our computation by giv-
ing the following leading contributions to the spin av-
eraged matrix elements squared corresponding to the
scattering processes induced by fermionic, scalar and
vector lepto-philic operators:
|Mχ,T1free |2 =
(4piαT1 (k · p)) 2
Λ6eff
2
[ [
m2DM − k · k′
]
× F1 + p
2 k · k′ (m2e + p · p′)
4 (k · p)2 +
k′ · p (m2e − 2p · p′)
k · p
−p
2 k′ · p′
2(k · p) −
p2 (k · p′) (k′ · p)
(k · p)2 +
m2e (k · k′)
m2DM
− k · k
′
m2DM
(p2 k · p′ + 2 p · p′) + 2 (k · p) (k
′ · p′)
m2DM
+
6 (k · p′) (k′ · p)
m2DM
]
where
F1 =
[
2 m2e
m2DM
+
p2 (k · p′)
m2DM
(k · p) − p · p
′
m2DM
− 3p
2 (p · p′)
8 (k · p)2 +
5 m2e p
2
8 (k · p)2
]
(14a)
|Mχ,T2free |2 =
(4piαT2mDM (k · p))2 F ′
2Λ6eff
4
(
k · k′
m2DM
+ 1
)
(14b)
|Mφ0,T2free |2 =
(4piαT2 (k · p))2
Λ4eff
× F ′ (14c)
|MV 0,T2free |2 =
(
4piαT2(k · p)2
)2 F ′
3Λ4eff
(
(k · k′)2
m4DM
+ 2
)
where
F ′ =
[
m2e
m2DM
− p
2
m2DM
k · p′
k · p − 2
p · p′
m2DM
+ 4
k · p
m2DM
k · p′
m2DM
+
1
8
p2
(
p · p′ +m2e
)
(k · p)2
]
(14d)
The corresponding scattering cross-sections of DM with
the free electron at rest are given as
σχeT1 = 36piα
2
T1
m4e
Λ6eff
(15a)
σχeT2 = 36piα
2
T2
m4e
Λ6eff
(15b)
σφ
0e
T2 = 9pi
α2φ0
Λ4eff
m4e
m2φ0
(15c)
σV
0e
T2 = 9pi
α2V 0
Λ4eff
m4e
m2V 0
(15d)
In figure 3 we plot the DM - free electron elastic
scattering cross-section with varying DM mass depicted
in solid lines for Fermionic Type-1 and 2, scalar Type-
2 & vector Type-2 twist-2 lepto-philic operators. The
cross-section is computed for the coupling fixed at the
unity and the corresponding cut-off which satisfy the
relic density ΩDMh2 = 0.119 [8] for a given DM mass.
8Although the analytical expressions of the scattering
cross-sections corresponding to the Type I and Type II
twist interactions of the fermionic DM are similar but
we observe the two distinct solid lines corresponding
to these contributions in figure 3 because of the differ-
ent values of the respective cut-offs contributing to the
same relic density for a given DM mass when αT1 =
αT2 . Same reason holds for the observed distinguish-
able contributions from scalar and vector DM scatter-
ing cross-sections respectively in figure 3 for αV
0
T2
= αφ
0
T2
although the corresponding analytical expressions are
same. These results are then compared with the null re-
sults of DAMA/LIBRA [15,16] at 90% confidence level
for DM-electron scattering and XENON100 [20, 21] at
90% confidence level for inelastic DM-atom scattering.
It is important to note that electro-philic DM -free
electron scattering cross-sections corresponding to the
respective operators computed using the upper bound
on the cut-off obtained for a given DM mass from relic
density constraints as shown in figure 1b and unity cou-
pling strength, will be slightly higher than those shown
in the figure 3.
The DM - free electron scattering corresponding to
the τ±-philic and B-philic operators occurs at the one
loop level and therefore are further suppressed. On the
same note, due to the absence of the tree level DM -
quark interactions, DM-nucleon scattering induced by
the lepto-philic and U(1)Y -philic twist-2 operators are
either one or two loop(s) suppressed, however it domi-
nates over the DM-free (bound) electron scattering.
3.3.1 Inelastic scattering : Effect of bound electrons
The non-relativistic DM (EDM ∼ mDM ) essentially col-
lides the bound electron of fixed energy Ee = me−EnlB
(here EnlB is the binding energy of electron in l
th orbital
of nth shell ) and momentum distribution p and then
finally ejects the electron from the atom with the en-
ergy ER + me − EnlB , where ER is the recoil energy of
the scattered electron. The inelastic DM - electron dif-
ferential scattering cross-section w.r.t. the recoil energy
in the lab frame is computed to be
dσnlm
dER
=
|Mnlm|2
32pi EDM Ee vrel |k + p|
=
|χnl (|p|)|2 |Ylm(θ, φ)|2 |Mfree|2
32pi EDM Ee vrel |k + p| (16)
where χnl (|p|) is the lth radial momentum space wave-
function for nth shell and Ylm (θ, φ) is the angular wave
function associated with the bound electron. Summing
over all possible shells (which depends on the detector
material),∑
nlm
dσnlm
dER
=
∑
nl
|χnl (|p|)|2 |Mfree|2
32pi EDM Ee vrel |k + p|
(2l + 1)
4pi
(17)
Following the prescription given in the appendixes B
and C of reference [77] we estimate the total event rate
as
dR
dER
=
ρ0 nT
mDM
∫
d3p
(2pi)3
∫
d3v vrel f(v)
∑
nlm
dσnlm
dER
(18)
where ρ0 , nT , f(v) and vrel are local density of DM
(≈ 0.3 GeV/cm3 ), number of target particles per unit
mass, velocity distribution of DM in lab frame and rel-
ative velocity of DM and bound electron respectively.
Substituting (17) and using NaI as the detector mate-
rial [16], we compute the event rate as
dR
dER
=
ρ0
64pi m3DM me (mI +mNa)∑
n,l
nl η(vmin) |Mfree|2 (19)
where η(vmin) ≡
∫
d3v f(v)v θ(v − vmin) with vmin ≈
ER
|p| +
|p|
mDM
and nl is the suppression factor
nl =
√
2me (ER − EnlB ) (2l + 1)∫
dp
(2pi)3
|p| |χnl (|p|)|2 (20)
For the detector signal with the deposited energy ∼ ER
= 2 - 4 keV, which is sensitive to the DAMA/LIBRA
experiment, the integral in equation (20) is found to
be maximum for the electron corresponding to the 3s
orbital of Iodine ∼ 10−2 MeV−1 for NaI crystals. Sub-
stituting the binding energy of 3s electron of Iodine ∼ 1
keV, the suppression factor becomes ∼ 10−6.
It is important to mention that the event rates from
lepto and U(1)Y -philic induced DM-nucleon scatter-
ing which are suppressed by ∼ (αem Z/pi)2, where Z
is charge of the nucleus at one loop order, are however
do not have any wave-function suppression.
4 Collider sensitivity of effective operators
4.1 LEP Constraints on the effective operators
We investigate the constraints on the lepto-philic and
B-philic effective operators from the existing results and
observations from LEP data. We compute the cross-
section for the process e+e− → γ?+ DM pair, and com-
pare with the combined analysis from DELPHI and L3
collaborations for e+e− → γ? + Z → qiq¯i + νlj ν¯lj at√
s = 196.9 GeV and an integrated luminosity of 679.4
pb−1, where qi ≡ u, d, s and νlj ≡ νe, νµ, ντ . The mea-
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Fig. 4: Solid lines depict the contours in the plane defined by DM mass and the kinematic reach of the cut-off Λeff for e+e− →
DM pairs + γ? → 6ET + qiq¯i at fixed coupling αTi = 1,
√
s = 196.9 GeV and an integrated luminosity of 679.4 pb−1, satisfying the
constraint δσtot = .032 pb obtained from combined analysis of DELPHI and L3 [79]. The enclosed shaded region corresponding to
each solid line are forbidden by LEP observation. The regions below the colored dashed lines corresponding to respective four operators
satisfy the relic density constraint ΩDMh2 ≤ 0.1199 ± 0.0022.
sured cross-section from the combined analysis for the
said process is found to be .055 pb along with the mea-
sured statistical error δσstat, systematic error δσsyst and
total error δσtot of .031 pb, .008 pb and .032 pb respec-
tively [79]. Therefore, contribution due to an additional
channel containing the final states DM pairs and result-
ing into the missing energy along with two quark jets
can be constrained from the observed δσtot.
In figures 4a and 4b, we plot the 95% C.L. solid
line contours satisfying the cross-section observed δσtot
.032 pb corresponding to the lepto-philic and B-philic
operators in the two dimensional plane defined by the
DMmass and the lower bound on the cut-off at the fixed
value of respective coupling αTi . The respective shaded
regions in figure 4 are disallowed by the combined LEP
analysis. Thus the phenomenologically interesting DM
mass range . 50 GeV is completely disfavored by the
LEP experiments.
4.2 Constraints from LHC Observations
Some of the interesting signatures of DM are missing
energy 6ET on transverse plane with Jets, photons, Z0 or
any other visible SM particles. For lepto-philic and B-
philic DM cases we consider pp → (Z0 → l+ l−)+ 6ET
and p p → 6ET γ processes at the LHC respectively
[10, 49]. The recent analysis of p p → l+l−l+l− at √s
= 8 TeV for both CMS [50] and ATLAS [51] showed
that the measured events are consistent with SM and
an integrated luminosity of 20.7 fb−1. However, in ref-
erence [52] the authors have shown that the contribu-
tion of lepto-philic DM dimension six operators can be
strongly constrained at
√
s = 14 TeV for the DM mass
≤ 250 GeV. We believe the enhancement in the centre
of mass energy and luminosity will enable both the de-
tectors to probe the sensitivity of the lepto-philic twist
operators.
Recently the ATLAS Collaboration [80] has reported
the events containing an energetic photon and large
missing transverse momentum for BSM searches at
√
s =
13 TeV and an integrated luminosity of 36.1 fb−1 which
agrees with SM predictions within the systematic and
statistical uncertainty. The SM background contribu-
tion arises from p p → Z(→ νν¯) γ, p p → W (→ lν) γ,
p p → Z(→ l l) γ and p p → γ + jets processes. The
events containing fake photons coming from electrons
and jets are also included in the analysis. The experi-
mental observations constrain the contribution of the
effective operators and put an upper bound on dis-
allowed Λeff for DM coupling fixed at unity and a given
DM mass due to non-observation of any appreciable
change in SM predicted Events.
4.3 /ET + Mono-photon signals at ILC
We consider following DM production processes along-
with on/ off shell photon at the proposed ILC, for the
DM mass range ∼ 50 - 500 GeV: (a) e+ e− → χ χ¯ γ/ γ?,
(b) e+ e− → φ0 φ0 γ/ γ?, and (c) e+ e− → V 0 V 0 γ/ γ?.
The dominant SM background for e+e− →6ET + γ/ γ?
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Fig. 5: Solid lines depict 3σ efficiency contours at fixed coupling αTi = 1 for DM pair production process with mono-photon
(e+e− →6ET + γ) in the plane defined by DM mass and the kinematic reach of the cut-off Λeff corresponding to (a)
√
s = 250 GeV;
L = 250 fb−1 in 5a and 5d, (b) √s = 500 GeV; L = 500 fb−1 in 5b and 5e and (c) √s = 1 TeV; L = 1 ab−1 in 5c and 5f. The
shaded region corresponding to each solid line are likely to probed by ILC with greater than 3σ efficiency. The regions below the colored
dashed lines corresponding to respective four operators satisfy the relic density constraint ΩDMh2 ≤ 0.1199 ± 0.0022.
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Fig. 6: Normalized 1-D differential cross-sections w.r.t. pTγ (bin width 10 GeV) and ηγ (bin width 0.1) corresponding to the SM
processes (shaded histograms) and those induced by lepto=philic operators at the three representative values of DM masses: 75, 225
and 325 GeV respectively.
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Fig. 7: Normalized 1-D differential cross-sections w.r.t. pTγ (bin width 10 GeV) and ηγ (bin width 0.1) corresponding to the SM
processes (shaded histograms) and those induced by B-philic operators at the three representative values of DM masses: 75, 225 and
325 GeV respectively.
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ILC-250 ILC-500 ILC-1000√
s (in GeV) 250 500 1000
Lint (in fb−1) 250 500 1000
σbg (pb) 1.07 1.48 2.07
Table 1: Accelerator parameters as per Technical Design Report [81,82]. σbg is the background cross section for e− e+ →
∑
νi ν¯i γ
process computed using the selection cuts defined in section 4.3
ILC Parameters:
√
s = 1 TeV; L = 1000 fb−1
Process: e+ e− →6E γ∗ (γ∗ → jj) e+ e− →6E γ
Cuts: |mj1 j2 | ≤
√
m2Z − 5ΓZmZ
2Eγ√
s
6 [0.98 , 0.99]
6ET ≥
√
m2Z + 5ΓZmZ
Operators 75 GeV 225 GeV 325 GeV 75 GeV 225 GeV 325 GeV
OLFT1 3.4 2.3 1.9 3.9 2.7 2.3
OLFT2 8.2 3.5 2.3 9.7 4.2 2.8
OLST2 9.2 4.6 2.4 20.2 5.7 3.1
OLVT2 135.5 12.2 4.3 175.4 16.1 5.8
OBFT1 1.8 1.1 0.7 2.5 0.9 0.6
OBFT2 3.7 1.4 0.8 3.4 1.2 0.7
OBST2 10.2 2.4 1.1 9.1 2.1 0.9
OBVT2 9.5 4.7 1.6 46.6 4.0 1.4
Table 2: 3σ significance upper bound on Λeff in TeV with respective αTi fixed at unity for given three choices of mDM ≡ 75, 225
and 325 GeV respectively.
signature comes from Z0γ production process: e+ e− →
Z0 + γ/ γ? →∑ νi ν¯i + γ/ γ?.
The analysis for the background and the signal pro-
cesses corresponding to the accelerator parameters as
conceived in the Technical Design Report for ILC [81,
82] and given in Table 1 is performed by simulating SM
backgrounds and the DM signatures using Madgraph
[75] and the model file generated by FeynRules [76]. We
impose the basic selection cuts 6ET ≥
√
m2Z + 5ΓZmZ
and |mj1 j2 | ≤
√
m2Z − 5ΓZmZ to reduce the back-
grounds for the process e+ e− →6E γ∗ (γ∗ → jj). On
the same note, we impose the following cuts to reduce
the backgrounds for the DM pair production in associ-
ation with mono-photon:
– Transverse momentum of photon pTγ ≥ 10 GeV,
– Pseudo-rapidity of photon is restricted as |ηγ | ≤ 2.5,
– dis-allowed recoil photon energy against on-shell Z0
2Eγ√
s
6  [0.8, 0.9], [0.95, 0.98] and [0.98, 0.99] for√
s = 250 GeV, 500 GeV and 1 TeV respectively.
As a first step towards preliminary analysis we study
the significance S for the DM production processes, de-
fined as
S = NS√
NB + (δsysNB)
2
(21)
whereNS is the number of DM with mono-photon events,
NB is the number of SM background events and δsys
is the systematic error. We compare the three sigma
significance of the DM pair production with associated
with On/ Off-shell photons, for three representative val-
ues of DM mass 75, 225, and 325 GeV respectively.
We give the kinematic reach of Λeff corresponding to
all cases of scalar, fermionic and vector DM based on
the 3σ efficiency in table 2 and find that mono photon
signatures gives the better kinematic reach of Λeff for
a given coupling and mass of the DM. Therefore, we
restrict our analysis for the DM pair production with
associated with mono-photons.
The 3σ sensitivity contours in Λeff−mDM plane are
drawn for the DM production cross-sections with αTi =
1 and conservative δsys ∼ 1% in figures 5a, 5d, 5b, 5e, 5c
and 5f. Figures 5a and 5d correspond to lepto-philic and
B-philic operators respectively for the proposed ILC at√
s = 250 GeV at an integrated luminosity of 250 fb−1,
figures 5b and 5e correspond to lepto-philic and B-philic
operators respectively for the proposed ILC at
√
s =
500 GeV at an integrated luminosity of 500 fb−1, and
figures 5c and 5f respectively depict the same for
√
s
= 1 TeV at an integrated luminosity of 1 ab−1. The
shaded region of parameter space associated with each
contour can be explored by the proposed collider at
S ≥ 3. Thus, we get the kinematic reach on the cut-off
scale Λeff at ILC for all relevant twist-2 lepto-philic and
U(1)Y gauge Boson B-philic induced DM operators.
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4.4 Differential Cross-sections and χ2 Analysis
The photon transverse momentum (pTγ ) and photon
pseudo-rapidity (ηγ) are found to be most sensitive kine-
matic observables for the process e+e− → /ET + γ. To
study the shape profile and its mass dependence we
generate the normalized one dimensional distribution
for the SM background processes and signals for the
fermionic, real scalar and real vector DM candidates,
keeping the respective effective coupling constant to be
unity and rest to zero. We plot the normalized differen-
tial cross-sections for fixed Cut-Off scale Λeff = 1 TeV
w.r.t. pTγ and ηγ induced by lepto-philic (i) Type-1
fermionic DM operators in figures 6a and 6e respec-
tively, (ii) Type-2 fermionic DM operators in figures
6b and 6f respectively, respectively, (ii) Type-2 Scalar
DM operators in figures 6c and 6g respectively, and (iv)
Type-2 vector DM operators in figures 6d and 6h re-
spectively. Each panel depict three shape profiles of the
differential distribution corresponding to three choices
of DM masses 75, 225 and 325 GeV respectively. Shaded
rosy-brown and dark khaki histograms depict the nor-
malized differential distributions w.r.t. pTγ in figures
6a, 6b, 6c, 6d and w.r.t. ηγ in figures 6e, 6f, 6g, 6h
respectively for the background processes.
Repeating the same exercise for the B-philic opera-
tors, we depict the shape profile of the normalised dif-
ferential distributions w.r.t. pTγ and ηγ corresponding
to three choices of DM masses 75, 225 and 325 GeV
induced by Type-1 fermionic, Type-2 fermionic, scalar
and vector DM w.r.t. pTγ in figures 7a, 7b, 7c, 7d and
w.r.t. ηγ in figures 7e, 7f, 7g, 7h respectively. The differ-
ential distributions for the background SM processesses
w.r.t. pTγ and ηγ are depicted in all of these figures
and are shown in shaded rosy-brown and dark khaki
histograms respectively.
We note that pmaxTγ decreases with increase in DM
mass. The shape of normalized distributions are com-
paratively more sensitive w.r.t. DM masses in case of
the B-philic operators. This suggests that for the B-
philic operators induced interactions, imposition of DM
mass dependent dynamical cut can minimize the back-
ground and enhance the significance.
However, to enhance the sensitivity of the Λeff at
a fixed coupling αTi = 1 w.r.t. DM masses, we com-
pute the χ2 with the double differential distributions
of kinematic observables pTγ and ηγ corresponding to
the background and signal processes for (i) 50 GeV
≤ mDM ≤ 125 GeV at
√
s = 250 GeV and an inte-
grated luminosity of 250 fb−1, (ii) 100 GeV ≤ mDM ≤
250 GeV at
√
s = 500 GeV and an integrated luminos-
ity of 500 fb−1, and (iii) 100 GeV ≤ mDM ≤ 500 GeV
at
√
s = 1 TeV and an integrated luminosity of 1 ab−1.
The χ2 is defined as
χ2 ≡ χ2 (mDM, αTi , Λeff)
=
n1∑
j=1
n2∑
i=1

∆NNPij
(∆pTγ )i (∆ηγ)j√
∆NSM+NPij
(∆pTγ )i (∆ηγ)j
+ δ2sys
{
∆NSM+NPij
(∆pTγ )i (∆ηγ)j
}2

2
(22)
where ∆NNPij and ∆N
SM+NP
ij are the number of
differential New Physics and total events respectively in
the two dimensional
[(
∆pTγ
)
i
− (∆ηγ)j
]th
grid. Here
δsys represents the total systematic error in the mea-
surement.
We consider only one effective operator at time with
the fixed coupling constant of unity and adopted a con-
servative value for the systematic error to be 1%. We
simulate the two-dimension differential distributions us-
ing the collider parameters as given in Table 1 and
choosing the basic selection cuts. In addition we impose
DM mass dependent dynamical cuts to minimize the
background for U(1)Y gauge Boson B-philic induced
interactions, which translates into an acceptance dy-
namical cut on the photon energy
Eγ ≤ s− 4m
2
DM
2
√
s
. (23)
We plot the 3σ contours at 99.73% C.L. in themDM−
Λeff for lepto-philic and B-philic operators in figures 8a
and 8d respectively corresponding to
√
s = 250 GeV
with an integrated luminosity of 250 fb−1, figures 8b
and 8e correspond to 3σ contours at 99.73% C.L. in
the mDM − Λeff for lepto-philic and B-philic operators
for
√
s = 500 GeV with an integrated luminosity of 500
fb−1. We also give the 3σ contours at 99.73% C.L. for
an upgraded high luminosity ILC operating at
√
s =
1 TeV with an integrated luminosity of 1 ab−1 in fig-
ures 8c and 8f corresponding to interactions induced by
lepto-philic and B-philic operators respectively.
We observe that the kinematic reach of the Λeff
is enhanced 5-6 times in comparison to that obtained
from the naive significance analysis. The B-philic oper-
ators showed better response to the χ2 analysis based
on the double differential distributions which was ex-
pected from their one dimensional distribution shown
in figure 7.
5 Summary and Outlook
The recent constraints derived from the observation on
the dwarf spheroidal satellite galaxies in Fermi-LAT
[24–26], excess in electron/positron channel around 10
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Fig. 8: Solid lines depict 3σ with 99.73 % C.L. contours in the mDM − Λeff plane from the χ2 analyses of the e+e− → /ET + γ
signature at the proposed ILC designed for (i)
√
s = 250 GeV with an integrated luminosity 250 fb−1 in figures 8a and 8d, (ii)
√
s =
500 GeV with an integrated luminosity 500 fb−1 in figures 8b and 8e, and (iii)
√
s = 1 TeV with an integrated luminosity 1 ab−1 in
figures 8c and 8f respectively. Each figure contain four contours corresponding to the twist-2 Type-1 fermionic and Type-2 fermionic,
scalar and vector operators respectively. The enclosed shaded region corresponding to the respective contour is accessible for discovery
with ≥ 99.73% C.L. The regions below the colored dashed lines corresponding to respective four operators satisfy the relic density
constraint ΩDMh2 ≤ 0.1199 ± 0.0022.
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GeV at PAMELA [30,31], excess in flux of electrons/positrons
around 400-500 GeV at ATIC [32] and PPB-BETS [33]
balloon experiments and exclusion of quark channels
by AMS-02 data [28, 29] hints toward the existence of
non-baryonic DM. This implies that the direct detec-
tion experiments have to be sensitive on the recoil mo-
mentum of the atom or an electron in DM - atom and/
or DM - electron scattering respectively due to sup-
pressed loop-level interactions of DM with the quarks
in the nucleon. Characterization for such lepto-philic
and electro-weak gauge Boson B-philic DM particles
are likely to be difficult and challenging at the LHC and
therefore it becomes imperative to probe the sensitivity
of the associated DM pair production channels at the
proposed lepton collider ILC. Motivated by these ob-
servations and restrictions, we have explored the viable
alternative stable non-baryonic spin 1/2, 0 and 1 DM
particles ∼ 10 - 1000 GeV, contributing to the relic den-
sity through their super-weak interactions with twist-2
leptonic and U(1)Y gauge Boson currents in a model
independent approach. In this article, we have consid-
ered the super-symmetric and Extra-Dimensional mod-
els inspired effective second rank twist interactions of
the leptons and gauge Bosons with the spin 1/2, 0 and
1 DM candidates.
We have listed a minimal set of the twist-2 operators
corresponding to lepto-philic and U(1)Y gauge Boson
tensor currents in section 2 which couples to the tensor
currents generated by the bi-linears of the DM fields.
These DM operators contribute
We have analytically calculated the thermalized an-
nihilation cross-sections for the fermionic, scalar and
vector DM induced by lepto-philic (A.10) - (A.13) and
B-philic (A.14) - (A.17) operators respectively, which
are in agreement numerically with that of MadDM. The
relic density contours satisfying the PLANCK observa-
tions depict the upper bound on Λeff for fixed coupling
αTi = 1 in the mDM − Λeff as shown in figures 1a, 1b
and 1c for the lepto-philic, τ±-philic and B-philic DM
interactions respectively. Using these upper bounds on
Λeff for a given mDM, we estimated the thermally av-
eraged annihilation indirect detection cross-section for
lepto-philic and τ±-philic or electro-philic in figures 2a
and 2b respectively are compared with that obtained
from Fermi-LAT [24–26], while thermally averaged an-
nihilation indirect detection cross-section for B-philic
DM shown in figure 2c is compared with the observa-
tions from H.E.S.S. data [27]. We find that the present
experimental limits in the respective searches not only
favours the allowed parameter space from the relic den-
sity, but also constraints the DM model by providing
the lower bound on the Λeffmin for a given DM mass at
fixed coupling αTi .
We have computed the elastic DM - free electron di-
rect detection scattering cross-section analytically only
for lepto-philic induced interactions and depicted in fig-
ure 3 as the τ±-philic and B-philic DM interactions do
not have any tree level interactions either with the atom
or the nucleon. Although the contribution of the loops
are suppressed but they need to bee investigated for
the complete study of the twist-2 operators. On super-
imposing inelastic DM - atom scattering cross-section
from DAMA [77]. XENON100T [78] we observe that the
parameter space allowed by the relic density is shrunk
and we get a conservative lower limit on the cut-off at
fixed coupling αTi = 1 for a given DM mass. We have
analysed the bound state effects of the electron and de-
rived the analytical expressions for the event rate [77].
Next, we probed and compared the 3-σ efficiency of
DM production processes e+e− → 6ET + γ? → 6ET +l+l−
and e+e− → 6ET + γ at ILC induced through twist-
2 interactions of lepto-philic and B-philic interactions
for mDM ∼ 50 - 400 GeV as shown in table 2. The
3σ significance contours for the dominannt DM pair
production in association with mono-photon at 99.73%
C.L. are drawn w.r.t. SM background in figures 5a and
5d for lepto-philic and B-philic respectively at
√
s = 250
GeV and an integrated luminosity of 250 fb−1, in figures
5b and 5e for lepto-philic and B-philic respectively at√
s = 500 GeV and an integrated luminosity of 500
fb−1 and in figures 5c and 5f respectively for
√
s = 1
TeV and 1 ab−1, with basic kinematic cuts in Table 1.
We improve the sensitivity of the Λeff by minimizing
the χ2 using the optimal variable technique on the 2-
D distributions w.r.t. pT γ and ηγ for the three stages
of the proposed collider (i) at
√
s = 250 GeV with an
integrated luminosity of 250 fb−1, (ii) at
√
s = 500 GeV
with an integrated luminosity of 500 fb−1 and (iii) at√
s = 1 TeV with an integrated luminosity of 1 ab−1.
The three sigma contours for χ2 analysis in mDM−Λeff
plane are drawn in figures 8a and 8d corresponding to
the lepto-philic and B-philic respectively for case (i) and
similarly, contours corresponding to case (ii) and case
(iii) are shown in figures 8b, 8e and 8c, 8f respectively.
We hope this study will be useful in studying the
physics potential of the ILC in context to dark matter
searches.
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Appendix A: Thermal averaged annihilation
cross-sections
The fermionic, scalar and vector DM pair annihilation
cross sections to SM l+l− pairs of mass ml induced by
the lepto-philic twist-2 operators are given by
σannT1
(
χχ¯→ l+l−) = piα2T1
s
(
m2χ
Λ6eff
)√
s− 4m2l
s− 4m2χ
×
[
16m2l m
2
χ + 32m
4
χ +
(
9m2l m
2
χ −
11
3
m4l +
14
3
m4χ
)
|v|2
]
(A.1)
σannT2
(
χχ¯→ l+l−) = piα2T2
s
(
m2χ
Λ6eff
)√
s− 4m2l
s− 4m2χ
m2l(
m2χ −m2l
) |v|2 (A.2)
σannS
(
φ0 φ0 → l+l−) = piα2φ0
s
(
m2φ0
Λ4eff
)√
s− 4m2l
s− 4m2φ0
×
[
2m2l −
2m4l
m2
φ0
+
(
4
3
m4l
m2
φ0
+
11
6
m2l +
16
3
m2φ0
)
|v|2
]
(A.3)
σannV
(
V 0 V 0 → l+l−) = piα2V 0
s
(
m2V 0
Λ4eff
) √
s− 4m2l
s− 4m2V 0
×
[
2
3
m2l −
2
3
m4l
m2
V 0
+
(
2
9
m4l
m2
V 0
+
5
6
m2l +
16
9
m2V 0
)
|v|2
]
(A.4)
The fermionic, scalar and vector DM pair annihi-
lation cross sections to photon pairs induced by the
U(1)Y Boson B-philic twist-2 operators are given by
σannT1 (χχ¯→ γ γ) =
8piα2T1
3s
cos2 θW
m6χ
Λ6eff
√
s
s− 4m2χ
|v|2
(A.5)
σannT2 (χχ¯→ γ γ) =
piα2T2
s
cos2 θW
m6χ
Λ6eff
√
s
s− 4m2χ
|v|2
(A.6)
σannS
(
φ0 φ0 → γ γ) = 2piα2φ0
s
cos2 θW
m4φ0
Λ4eff√
s
s− 4m2
φ0
[
1 +
2
3
|v|2
]
(A.7)
σannV
(
V 0 V 0 → γ γ) = 2piα2V 0
3s
cos2 θW
m4V 0
Λ4eff√
s
s− 4m2
V 0
[
1 + |v|2] (A.8)
where θW is the Weinberg mixing angle.
The DM relic density is given in terms of thermally
averaged DM annihilation cross sections 〈σann |v|〉 in
equation (12). To compute the same we express the
relative velocity of DM pair in the laboratory frame |v|
in terms of c.m. energy
√
s as
|v| =
√
s (s− 4m2DM)
s− 2m2DM
. (A.9)
Since v << c, for non-relativistic DM we expand s =
4m2DM +m
2
DM |v|2 + 34 m2DM |v|4 +O
(
|v|6
)
and com-
pute the thermally averaged annihilation cross sections
for lepto-philic and U(1)Y gauge Boson-philic DM re-
spectively.
Thermal averaged annihilation cross-sections corre-
sponding to the cross-sections given in equations (A.1)
- (A.4) for the lepto-philic operators are given respec-
tively as
〈
σannT1 |v|
〉 (
χχ¯→ l+l−) = piα2T1 ( m4χΛ6eff
)√
1− m
2
l
m2χ
×
[
1 +
m2l
2m2χ
− 34
96
6
xF
]
(A.10)
〈
σannT2 |v|
〉 (
χχ¯→ l+l−) = piα2T2
2
(
m2lm
2
χ
Λ6eff
)
×
[
1− m
2
l
m2χ
] 3
2 6
xF
(A.11)
〈σannS |v|〉
(
φ0 φ0 → l+l−) = piα2φ0
(
m2
φ0
Λ4eff
)√
1− m
2
l
m2
φ0
×
[
m2l
m2φ0
− m
4
l
m4φ0
+
(
8
3
+
11
12
m2l
m2φ0
+
2
3
m4l
m4φ0
)
6
xF
]
(A.12)
〈σannV |v|〉
(
V 0 V 0 → l+l−) = 8piα2V 0
9
(
m2
V 0
Λ4eff
)√
1− m
2
l
m2
V 0
×
[
3
8
m2l
m2V 0
− 3
8
m4l
m4V 0
+
(
1 +
15
32
m2l
m2V 0
+
1
8
m4l
m4V 0
)
6
xF
]
(A.13)
Similarly, the annihilation cross-sections given in equa-
tions (A.5)-(A.8) for the U(1)Y gauge Boson B-philic
operators are thermalized to give the following thermal
averaged annihilation cross-sections:〈
σannT1 |v|
〉
(χχ¯→ γ γ) =
4piα2T1
3
cos2 θW
(
m4χ
Λ6eff
)
6
xF
(A.14)
〈
σannT2 |v|
〉
(χχ¯→ γ γ) =
4piα2T2
2
cos2 θW
(
m4χ
Λ6eff
)
6
xF
(A.15)
〈σannS |v|〉
(
φ0 φ0 → γ γ) = piα2φ0 cos2 θW
(
m2
φ0
Λ4eff
)
[
1 +
1
6
6
xF
]
(A.16)
〈σannV |v|〉
(
V 0 V 0 → γ γ) = piα2V 0
3
cos2 θW
(
m2
V 0
Λ4eff
)
[
1 +
1
2
6
xF
]
(A.17)
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